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Quasiparticle collapsing is a central issue in the study of strongly correlated electron systems. In the one-
dimensional case, the quasiparticle collapsing in a form of spin-charge separation has been well established,
but the problem remains elusive in dimensions higher than one. By using density matrix renormalization group
(DMRG) algorithm, we show that in an anisotropic two-leg t-J ladder, an injected single hole behaves like a
well-defined quasiparticle in the strong rung limit, but undergoes a “phase transition” with the effective mass
diverging at a quantum critical point (QCP) towards the isotropic limit. After the transition, the quasiparticle
collapses into a loosely bound object of a charge (holon) and a spin-1/2 (spinon), accompanied by an unscreened
phase string as well as a substantially enhanced binding energy between two doped holes. A phase diagram
of multi-leg ladders is further obtained, which extrapolates the QCP towards the two-dimensional limit. The
underlying novel mechanism generic for any dimensions is also discussed.
PACS numbers: 71.27.+a, 74.72.-h, 75.50.Ee
The Landau’s Fermi liquid theory is characterized by the
low-lying quasiparticle excitation that carries well-defined
momentum, charge, spin, and a renormalized effective mass.
The collapse of such a quasiparticle excitation will be a hall-
mark of a non-Fermi-liquid state. In particular, the breakdown
of the quasiparticle in a form of spin-charge separation has
been conjectured in the study of doped Mott insulators, no-
tably the high-Tc cuprates1–8. However, no consensus has
been reached yet on how a quasiparticle precisely falls into
parts in such strongly correlated electron systems.
A t-J square ladder as a quasi one-dimensional (1D) doped
Mott insulator system has been intensively investigated9–21.
Such systems are beyond a purely 1D system due to the
presence of closed loops of various sizes, and can be accu-
rately studied by the DMRG numerical method22. Experimen-
tally, there are also several available materials with the ladder
structure23. Because of the peculiar quantum destructive in-
terference in the closed paths, a DMRG study has recently
revealed20 a generic self-localization of a single hole injected
into the spin ladders in the isotropic limit. It implies the failure
of a conventional quasiparticle picture in a way very distinct
from a purely 1D system24.
In this Letter, we focus on a two-leg t-J ladder system in
which the undoped spin background remains gapped. By us-
ing DMRG, we find that for an injected hole, the quasipar-
ticle description is restored if the ladder is in an anisotropic
(strong rung) regime. Then, as the ladder anisotropic param-
eter is continuously tuned from strong rung coupling towards
the isotropic limit, there exists a QCP, at which the quasipar-
ticle collapses with its effective mass diverges. Subsequently
the doped hole fractionalizes into a composite structure as a
bound state of an incoherent holon and a deconfined spinon.
The momentum distribution of the hole also exhibits a qual-
itative change across the QCP. The underlying microscopic
mechanism responsible for the fractionalization of the hole
will be discussed. Interestingly the binding energy of two
holes also gets substantially enhanced after the quasiparticle
collapsing. Such a QCP is further shown to persist with the
increase of the leg-number of the ladders, which may shed
light to the understanding of the quasiparticle collapsing and
pairing in the two-dimensional (2D) doped Mott insulator.
The t-J HamiltonianH = Ht+HJ for an anisotropic two-
leg ladder system is composed of four terms: Ht⊥ + Ht‖ +
HJ⊥ +HJ‖ given by
Ht⊥ = −t⊥
∑
i,y=0,σ
(c†i,y,σci,y+1,σ + h.c.),
Ht‖ = −t‖
∑
i,y,σ
(c†i,y,σci+1,y,σ + h.c.),
HJ⊥ = J⊥
∑
i,y=0
(Si,y · Si,y+1 − 1
4
ni,yni,y+1),
HJ‖ = J‖
∑
i,y
(Si,y · Si+1,y − 1
4
ni,yni+1,y).
(1)
on a two-leg ladder with the total site number N = Nx ×Ny
(Ny = 2) as sketched in Fig. 1. In Eq. (1), the summa-
tion over i along the chain direction runs over all rungs, y
(= 0, 1) and σ are leg and spin indices, respectively. c†i,y,σ
is the electron creation operator and Si,y the spin operator
at site (i,y). The Hilbert space is always constrained by
the no-double-occupancy condition, i.e., the number opera-
tor ni ≤ 1. Here, Ht⊥ (Ht‖ ) and HJ⊥ (HJ‖ ) describe the
//t = αt //J = αJ
J  J = t t
FIG. 1: (Color online) The parameters of the anisotropic t-J model
on a two-leg square ladder. Here, t⊥ = t (t‖ = αt) and J⊥ = J
(J‖ = αJ) describe the inter-chain (intra-chain) hopping and su-
perexchange couplings, respectively. At α = 1, it reduces to the
isotropic limit.
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2inter-chain (intra-chain) hole hopping and spin superexchange
interaction, respectively. For simplicity, in the following we
shall fix t⊥/J⊥ = t‖/J‖ = 3, or equivalently, take t⊥ ≡ t,
J⊥ ≡ J , t‖ ≡ αt, J‖ ≡ αJ with t/J = 3. For the present
simulation, we use U(1) invariant code and set J as the unit
of energy. We keep up to 4000 states in each DMRG block
with around 10 to 50 sweeps, and this is proved to be enough
to give excellent convergence with the truncation error is of
the order or less than 10−8 . Then we continuously tune
α from 0 to 1 between the strong rung and isotropic limits
as illustrated in Fig. 1. At half-filling, the system remains
spin-gapped without a phase transition, and in particular, the
ground state simply reduces to a direct product of spin-singlet
rungs in the strong rung limit of α→ 0.25
Now consider the one-hole-doped case. As shown in Fig.
2 and the inset, a QCP is clearly indicated at α = αc ∼ 0.7
by the first- and second-order derivatives of the kinetic energy
〈Ht〉 over α. (Note that the derivatives of the superexchange
energy 〈HJ〉 remain smooth without a singularity, which is
not shown in the figure.) What we shall establish first below,
is that at α < αc, the single doped hole behaves like a Bloch
quasiparticle, which possesses a well-defined momentum, ef-
fective mass, charge, spin, and finite quasiparticle weight. In
fact, at strong rung limit α 1, the quasiparticle behavior can
be well described by a perturbation theory26. But beyond the
critical point αc, the quasiparticle picture of the single doped
hole will break down completely.
By contrast, when two holes are injected into the gapped
two-leg spin ladder, they always form a binding state in the
quasiparticle collapsing regime. The pairing even persists
into the quasiparticle regime with reducing binding strength,
which eventually vanishes around α ∼ 0.6 as shown by the
binding energy Eb in Fig. 2 (red circles). Here the binding
energy is defined by Eb ≡ E2-holeG + E0G − 2E1-holeG , where
E2-holeG , E
1-hole
G , and E
0
G denote the ground-state energies of
the two-hole, one-hole, and undoped states, respectively.
For the single hole case, a finite effective mass at α < αc
is identified in the inset of Fig. 3 (a). Here, to determine the
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FIG. 2: (Color online) The first-order derivative of the kinetic energy
〈Ht〉 and the second-order derivative (the inset) indicate the pres-
ence of a quantum critical point at α(≡ t‖/t⊥) = αc ∼ 0.7 (with
t⊥/J⊥ = t/J = 3). The two-hole pairing is also substantially en-
hanced at α > αc as shown by the binding energy Eb .
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FIG. 3: (Color online) Effective mass of the quasiparticle is well-
defined at α < αc, but is divergent at the quantum critical point αc.
(a) ∆E1-holeG [defined in Eq. (2)] exhibits a “free particle” behavior:
∆E1-holeG ∝ 1/N2x , in a loop of the circumference Nx (cf. the inset).
The effective mass m∗ ∝ m∗c with 1/m∗c defined as the slope of
1/N2x [shown in the inset of (a), in which m∗c diverges at αc]; (b) At
α > αc, ∆E1-holeG oscillates and decays exponentially with m
∗
c =∞
[presented in (b) is the case at α = 13/15 with the charge localiza-
tion length20 ξ ∼ 12.6]; (c) The one-hole ground state energy E1-holeG
calculated under an open boundary of length Nx. Here the slope of
E1-holeG (subtracted by a constant term) defines another effective mass
m∗s shown in the inset of (c), which is essentially the same as m∗c at
α < αc. But m∗c and m∗s differ completely at α > αc, suggesting
the charge-spin separation (see the text).
effective mass of the charge, the two-leg ladder is made of a
loop along the long chain direction with a magnetic flux Φ
threading through [cf. the inset of of Fig. 3 (a)]. Then the
ground state energy difference between Φ = pi and 0, i.e.,
∆E1-holeG ≡ E1-holeG (Φ = pi)− E1-holeG (Φ = 0), (2)
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FIG. 4: (Color online) Spin-charge correlator 〈nhi ·Szi+r〉 with the la-
beling r defined in (a). The tight-binding of the holon-spinon inside
the quasiparticle is shown in (a) for α = 0.4 < αc withN = 60×2.
The inset of (a): the momentum distribution of the hole satisfies a
scaling law: kx → Nx(kx − k0), indicating a well-defined momen-
tum at k0 = pi with a finite spectral weight Z020; (b) The fractional-
ization of the quasiparticle occurs at α > αc with a composite struc-
ture of loosely bound charge and spin as shown by the spin-charge
correlator (N = 60×2). The inset of (b): the momentum distribution
is fundamentally changed with Z0 vanishing at k0 (N = 100 × 2) ;
(c) A sharp increase of the amplitude for the hole-spin separation at
r ≥ 2 as α ≥ αc.
corresponds to the energy difference under the change of the
boundary condition from the periodic to anti-periodic one for
the charge (hole). If the doped hole behaves like a “Bloch
quasiparticle”, ∆E1-holeG is expected to be proportional to
1/N2x , with the inverse of the slope m
∗
c proportional to the
effective mass.
As shown in Fig. 3 (a), a finite m∗c is indeed obtained at
0 < α < αc (which diverges at α = 0 because of the vanish-
ing inter-rung hopping). Then m∗c diverges again approach-
ing the critical point αc [cf. the inset of Fig. 3 (a)]. Beyond
αc, ∆E1-holeG starts to oscillate and decay exponentially as a
function of Nx as illustrated in Fig. 3 (b), with the disap-
pearance of the term proportional to 1/N2x . It implies the
self-localization of the doped hole20 with the effective mass
m∗c =∞ at α ≥ αc.
On the other hand, the effective mass can be also deter-
mined alternatively. Fig. 3 (c) shows the one-hole ground
state energy E1-holeG calculated under the fully open boundary
condition. Besides a constant term, E1-holeG can be also well
fitted by m∗s
−1/N2x , with m
∗
s essentially the same as m
∗
c at
α < αc as shown in the inset of Fig. 3 (c). One finds that m∗s
also diverges at αc. However, in contrast to m∗c , m
∗
s becomes
finite again at α > αc. Namely, in opposite to the charge
part of the doped hole (holon) being localized at α > αc,
a charge-neutral gapless excitation (spinon) is still present in
this regime.
The sharp contrast between m∗c and m
∗
s suggests that the
quasiparticle collapses at α > αc by a specific form of the
electron fractionalization. One may directly measure the spin-
charge separation by calculating the spin-charge correlator
〈nhi · Szi+r〉. As shown in Fig. 4 (a) (α = 0.4 < αc),
the spin and charge are tightly bound together at a length
scale of one lattice constant. Such a stable hole object has
a well-defined mass m∗ and behaves like a Bloch wave with
a definite momentum. The momentum distribution 1-n(k)
of the hole is presented in the inset of Fig. 4 (a). Here
n(k) ≡ ∑σ〈c†kσckσ〉, which can be obtained by a Fourier
transformation of
∑
σ〈c†iσcjσ〉. The inset of Fig.4 (a) shows
that the hole momentum distribution as a universal curve after
the rescaling kx − k0 → Nx · (kx − k0) with k0 = pi, indicat-
ing that the hole in the ground state possesses a well-defined
momentum (k0, ky = 0) with a finite quasiparticle spectral
weight Z0 in the thermodynamic limit.
The quasiparticle collapsing at α > αc is in a form of frac-
tionalization as shown in Fig. 4 (b) (at α = 1), where the spin-
charge correlator oscillates and decays much slower. Corre-
sponding, the quasiparticle weight Z0 = 0 at k0 = pi and the
hole momentum distribution is qualitatively changed as pre-
sented in the inset of Fig. 4 (b) with two new peaks emerging
at kx = k0 ± κ and ky = 0 with κ depending on α and t/J .
Figure 4 (c) further illustrates how the quasiparticle frac-
tionalizes. At α < αc, the amplitude for the spin-charge sep-
aration distance r ≥ 2 is exponentially small, implying the
tight-binding of the holon-spinon within the quasiparticle at
r < 2 in Fig. 4 (a). But at α ≥ αc a sharp arise of the ampli-
tude at r ≥ 2 indicate the emergence of a composite structure
for the quasiparticle as the spin partner can now move away
from the holon over a larger distance as shown in Fig. 4 (b).
To understand the underlying physics of the quasiparticle
collapsing, we slightly modify the hopping terms Ht⊥ and
Ht‖ in Eq. (1) by introducing a sign prefactor σ = ± such that
c†iσcjσ → σc†iσcjσ . This is a generalization of the so-called
σ·t-J model in the isotropic limit, where the hopping term
Ht is replaced by20: Hσ·t = −t
∑
〈ij〉σ σ(c
†
iσcjσ + h.c.).
Then we can carry out the same DMRG calculation, and as
clearly indicated in Fig. 5 (a), the QCP αc simply disappears.
Namely, there is no more quasiparticle collapsing and there
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FIG. 5: (Color online) The quantum critical point αc disappears in the σ·t-J model (see the text) with the quasiparticle description valid
throughout the whole regime of α. (a) The second-order derivative of the single hole kinetic energy does not show any singularity at a finite α.
Correspondingly, the two-hole binding energy remains weak similar to the quasiparticle regime in Fig. 2 ; (b) The effective mass determined
by the slope of 1/N2x behavior of ∆E1-holeG remains smooth and finite at α > 0 (the inset); (c) and (d): the integrity of the quasiparticle is
ensured by the spin-charge binding at different α’s (N = 80× 2). The insets of (c) and (d): the momentum distribution for the single hole is
similar to the one in the quasiparticle regime of the t-J model in Fig. 4 (a). The scaling law ensures a well-defined momentum at kx = 0.
exists only one phase continuously interpolating between the
isotropic and strong rung limits. Figure 5 illustrates that the
single hole moving in the gapped spin background always
keeps its quasiparticle identity with a well-defined momentum
at kx = 0 (note that it is different from k0 in the t-J ladder
case) with a finite spectral weight, a finite effective mass m∗c ,
and the spin-charge confinement. As one can see from Fig. 5
(c), even in the isotropic limit of α = 1, the hole still keeps the
integrity of a Bloch quasiparticle with charge and spin tightly
bound. As a matter of fact, we have checked that the same
phase still persists at α 1. Furthermore, the binding energy
is also substantially weakened in the whole regime [cf. Fig. 5
(a)], similar to the quasiparticle regime in the t-J ladder case.
Previously it has been demonstrated20 that the sole distinc-
tion between the isotropic t-J and σ·t-J models lies in the
so-called phase string27,28 associated with each path of the
hole motion, which is present in the former but is precisely re-
moved in the latter. The same proof remains true in the present
anisotropic ladder case. Such a phase string represents a sin-
gular phase shift produced by the scattering between the spin
background and doped charge7,27–29 for general dimensions of
bipartite lattice. Its destructive quantum interference has been
previously found to lead to the localization of the doped hole
in the isotropic limit α = 1 of the t-J ladder with the leg-
numberNy > 120. The phase string is also responsible for the
strong binding found in the quasiparticle collapsing regime of
the t-J model (cf. Fig. 2), as has been carefully examined in
the isotropic case21 before.
Finally, the QCP αc is systematically calculated for the
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FIG. 6: (Color online) The QCP (red dot) separating the quasiparticle
(orange-colored) and quasiparticle collapsing (blue-colored) regimes
is shown as a function of the anisotropy parameter α, for the t-J
ladders of the leg number Ny from 1 to 7 (with t/J = 3).
5multi-leg t-J ladders as shown in Fig. 6. Here αc is de-
termined by the singularity in the ground state energy similar
to that for the two-leg ladder shown in the inset of Fig. 2.
Similar to the two-leg case, in the multi-leg ladders the hor-
izontal chains are glued by a fixed hopping integral t and a
superexchange coupling J perpendicular to the chain direc-
tion. Physically, αc separates the non-degenerate quasiparti-
cle state from a quasiparticle collapsing state. For an odd-leg
spin ladder, the spin background always remains gapless at
half-filling and generally αc = 0+ is found in the single-hole
state where a true spin-charge separation persists. By contrast,
as our above study of the two-leg ladder has clearly shown, in
the presence of a spin gap in an even-leg ladder, the singular
phase string effect may get “screened” via a tight-binding of
the charge and spin partners to form a coherent Bloch-type
quasiparticle, at least in the strong rung limit of α  1. With
the reducing spin gap by increasing α or leg-number Ny , the
tight binding between the holon and its backflow spinon gets
weakened, eventually resulting in quasiparticle collapsing at
some αc, where the holon and spinon form a loosely bound
state (instead of a simple spin-charge separation in the odd-
leg cases) with an unscreened and irreparable phase string
reemerging to accompany the motion of hole. In fact, a fi-
nite αc does persist in all the even-leg ladders shown in Fig.
6, which monotonically decreases with the increase of the leg
numbers up to Ny = 6. A microscopic wave function ap-
proach to this problem will be presented elsewhere.
Note added. After the submission of the present paper, we
became aware of a DMRG study of the same two-leg t-J lad-
der doped by one hole30, in which the authors have confirmed
the existence of αc ∼ 0.7, the divergence of the effective mass
m∗s at αc, the incommensurate momentum split together with
the enlarged spin-charge separation at α > αc found in this
work. However, we notice that the physical interpretation of
the nature at α > αc in that paper is different from the cur-
rent picture of Bloch quasiparticle collapsing. We point out
that our interpretation is further supported based on some ad-
ditional DMRG probes including the charge response to the
inserting flux, the σ·t-J model without the phase string effect,
etc., which are absent in that work.
Acknowledgement Stimulating and useful discussions
with G. Baskaran, L. Fu, S. Kivelson, D.H. Lee, P.A. Lee, S.S.
Lee, N. Nagaosa, T. L. Ho, D. N. Sheng, X. G. Wen, J. Zaa-
nen, and especially H.-C. Jiang are acknowledged. This work
was supported by the NBRPC Grant no. 2010CB923003.
1 P. W. Anderson, Science 235, 1196 (1987).
2 S. A. Kivelson, D. S. Rokhsar, and J. P. Sethna, Phys. Rev. B 35,
8865 (1987).
3 Z. Zou and P.W. Anderson, Phys. Rev. B 37, 627 (1988).
4 N. Nagaosa, J. Phys.: Condens. Matter, 10, 11385 (1998).
5 T. Senthil and M. P. A. Fisher, Phys. Rev. B 62, 7850 (2000).
6 For a review, see P. A. Lee, N. Nagaosa and X. G. Wen, Rev. Mod.
Phys. 78, 17 (2006) and references therein.
7 Z. Y. Weng, D. N. Sheng, Y. C. Chen, and C. S. Ting, Phys. Rev.
B 55, 3894 (1997).
8 Z. Y. Weng, New J. Phys. 13, 103039 (2011).
9 For a review, see E. Dagotto and T. M. Rice, Science 271, 618
(1996) and references therein.
10 M. Troyer, H. Tsunetsugu, and T. M. Rice, Phys. Rev. B 53, 251
(1996); H. Tsunetsugu, M. Troyer, and T. M. Rice, Phys. Rev. B
51, 16456 (1995).
11 E. Dagotto, J. Riera, and D. Scalapino, Phys. Rev. B 45, 5744
(1992).
12 C. A. Hayward and D. Poilblanc, Phys. Rev. B 53, 11721 (1996).
13 M. Sigrist, T. M. Rice, and F. C. Zhang, Phys. Rev. B 49,
12058(1994).
14 S. R. White, R. M. Noack, and D. J. Scalapino, Phys. Rev. Lett.
73, 886(1994).
15 S. R. White, D. J. Scalapino, Phys. Rev. B 55, 6504 (1997).
16 J. Oitmaa, C. J. Hamer, and ZhengWeihong, Phys. Rev. B 60,
16364 (1999).
17 Y. L. Lee, Y. W. Lee, C. Y. Mou, and Z. Y. Weng, Phys. Rev. B
60, 13418 (1999).
18 S. Sorella, G. B. Martins, F. Becca, C. Gazza, L. Capriotti, A.
Parola, and E. Dagotto, Phys. Rev. Lett. 88, 117002 (2002).
19 F. Becca, L. Capriotti, and S. Sorella, Phys. Rev. Lett. 87, 167005
(2001).
20 Z. Zhu, H. C. Jiang, Y. Qi, C. S. Tian and Z. Y. Weng, Sci. Rep. 3,
2586 (2013).
21 Z. Zhu, H. C. Jiang, D. N. Sheng and Z. Y. Weng, Sci. Rep. 4,
5419 (2014).
22 S. R. White, Phys. Rev. Lett. 69, 2863 (1992).
23 Z. Hiroi and M. Takano, Nature 377, 41 (1995); M. Azuma, Z.
Hiroi, M. Takano, K. Ishida, and Y. Kitaoka, Phys. Rev. Lett. 73,
3463 (1994); K. Kojima, A. Keren, G. M. Luke, B. Nachumi,
W. D. Wu, Y. J. Uemura, M. Azuma, and M. Takano, Phys. Rev.
Lett. 74, 2812 (1995); H. Mayaffre, P. Auban-Senzier, M. Nar-
done, D. Je´rome, D. Poilblanc, C. Bourbonnais, U. Ammerahl, G.
Dhalenne, and A. Revcolevschi, Science 279, 345 (1998).
24 S. Tomonaga, Prog. Theor. Phys. 5, 349 (1950); J. M. Luttinger,
J. Math. Phys. 4, 1154 (1963).
25 S. Sachdev and R. N. Bhatt, Phys. Rev. B 41, 9323 (1990).
26 S. A. Kivelson, private communication.
27 D. N. Sheng, Y. C. Chen, and Z. Y. Weng, Phys. Rev. Lett. 77,
5102 (1996).
28 K. Wu, Z. Y. Weng, and J. Zaanen, Phys. Rev. B 77, 155102
(2008).
29 J. Zaanen and B. J. Overbosch, Phil. Trans. R. Soc. A 369, 1599
(2011).
30 S. R. White, D. J. Scalapino, S. A. Kivelson, Phys. Rev. Lett. 115,
056401 (2015).
